Abstract: A scalar particle with a relic density set by annihilations through a Higgs portal operator is a simple and minimal possibility for dark matter. However, assuming a thermal cosmological history this model is ruled out over most of parameter space by collider and direct detection constraints. We show that in theories with a non-thermal cosmological history Higgs portal dark matter is viable for a wide range of dark matter masses and values of the portal coupling, evading existing limits. In particular, we focus on the string theory motivated scenario of a period of late time matter domination due to a light modulus with a decay rate that is suppressed by the Planck scale. Dark matter with a mass GeV is possible without additional hidden sector states, and this can have astrophysically relevant self-interactions. We also study the signatures of such models at future direct, indirect, and collider experiments. Searches for invisible Higgs decays at the high luminosity LHC or an e + e − collider could cover a significant proportion of the parameter space for low mass dark matter, and future direct detection experiments will play a complementary role.
Introduction
Higgs portal dark matter (DM) [1] [2] [3] [4] with a relic abundance set by freeze out during a standard, thermal, cosmological history is a minimal and predictive model. In its simplest implementation only one new state is introduced, a scalar χ that is uncharged under the Standard Model (SM) gauge group. This is stabilised with a Z 2 symmetry χ → −χ, and couples to the SM Higgs field H through the renomalisible interaction 1
In models with a thermal cosmological history χ is in thermal equilibrium with the visible sector in the early universe, before freezing out and acting as DM. 2 Vector or fermion DM with a relic abundance set by annihilations through a Higgs portal operator is also possible, although generating a mass for the former requires a hidden sector Higgs field or the Stueckelberg mechanism, and in the latter case the portal operator is non-renormalisible and additional new states must be introduced at an intermediate energy scale [7] [8] [9] . While their simplicity is appealing, minimal Higgs portal models are severely constrained by collider limits on the invisible branching fraction of the Higgs and direct detection searches, most recently at Xenon1T [10] and PandaX2 [11] . As we discuss in Section 2, after imposing that the relic density matches the observed value, scalar or vector Higgs portal DM is only possible for a limited range of DM masses [12] . Only fermion DM with pseudoscalar couplings to the Higgs remains viable over significant parts of parameter space, since this has an extremely suppressed signal at direct detection experiments.
However, there is no strong reason to think that the cosmological history of the universe before big bang nucleosynthesis (BBN) was thermal, either observationally or from a model building perspective. Instead, in typical string theory models there are many scalar moduli fields, the mass of which is typically set by the gravitino mass [13] [14] [15] [16] [17] . If this is fairly low, motivated for example by the success of gauge unification in supersymmetric extensions of the SM, the moduli will dominate the energy density of the universe at early times leading to an extended period of matter domination. The moduli eventually decay through Planck suppressed operators, and a radiation dominated universe re-emerges before BBN, consistent with measurements of the abundances of light elements.
It is well known that altering the cosmological history of the universe increases the parameter space over which the required relic density can be obtained in a wide variety of DM models [18, 19] . For example, this has previously been considered for weakly interacting massive particles (WIMPs) [20] [21] [22] [23] , more general DM hidden sector candidates [24] [25] [26] , hidden sector glueballs [27] , and axions [28] [29] [30] [31] [32] [33] . In this paper we show that allowing a non-thermal cosmological history also significantly increases the parameter space for minimal Higgs portal DM models. By adjusting the reheating temperature after the decay of the lightest modulus, and the branching fraction of the lightest modulus into DM, all points in the plane of DM mass (m DM ) against Higgs portal interaction strength with m DM GeV can lead to the observed relic abundance, and there is a significant region of viable parameter space with 100 MeV m DM GeV. Although an increase in the range of allowed DM masses and values of the portal coupling is not surprising, it is interesting that low mass DM is possible in simple models. Such DM candidates can have self interactions that are relevant for dynamics on galactic scales (for m DM GeV perturbativity bounds mean that significant self interactions are possible only if additional light mediators are introduced [34] ). Astrophysically relevant self interactions could resolve conflicts between simulations of cold DM and observations of small scale structure, although these may also be due to incomplete inclusion of baryonic physics in simulations. In contrast, in almost all models with a thermal cosmological history indirect detection searches already rules out DM with a mass GeV and a relic density set by annihilations to the visible sector [35] . 3 Instead, models with a thermal cosmology and DM in this mass range typically require additional new states for the DM 3 The exception is a Majorana fermion or scalar DM candidate interacting with the visible sector through a new Z gauge boson, with mass ∼ GeV. Despite strong constraints from measurements of ∆N eff by Planck and from fixed target experiments [36] such models remain viable in a small part of parameter space.
to annihilate into. As well as involving more complex model building [37] (for example, to avoid the extra particles over-closing the universe themselves or violating constraints on the effective number of relativistic degrees of freedom in the early universe), this removes the link between the DM annihilation rate to the visible sector and its relic abundance. As a result, the motivation for a coupling between the visible and DM sectors, and therefore signals that could be probed by future experiments, to be present at all is diminished.
Higgs portal DM can also lead to a diverse range of observational signatures in direct, indirect, and collider experiments. In return for making the cosmological history of the universe more complicated, albeit in a way that is motivated from UV considerations, the models that we consider can lead to signals in parts of parameter space where they would otherwise not be expected (unless a more complex hidden sector is introduced). For example, we will show that there are many non-thermal models with m DM < m h /2 that could be explored by searches for invisible Higgs decays at the high luminosity LHC.
Turning to the structure of this paper, in the next section we study the status of Higgs portal DM models assuming a thermal cosmology. Following this, in Section 3 we discuss the possibility of a period of late time matter domination, and the motivation for this from string theory. In Section 4 we study the viable parameter space for Higgs portal DM in such theories, and in Section 5 we consider the potential future experimental signatures. Finally, in Section 6 we summarise our the results.
Higgs portal DM with a thermal cosmological history
We focus on the case of a real scalar DM candidate, and require that this makes up the full measured DM relic abundance. For comparison with theories with late time matter domination, we first analyse this model assuming a thermal cosmological history. Rather than attempting to fully explore the uncertainties on all of the relevant experimental searches, it is sufficient for our present purposes to summarise the broad features of the constraints. Additional recent discussion and reviews may be found in, for example, [38, 39] .
In this simple model there are only two free parameters that affect the DM relic abundance: its mass m DM and the value of the portal coupling λ, defined in Eq. (1.1). As a result, the precise measurement of the DM relic abundance by Planck [40] fixes the required value of λ for a given DM mass. The computation of the relic abundance in a thermal cosmology is standard [12, 41, 42] , and we obtain our results by numerically integrating the Boltzmann equations for the DM number density. The possibility of resonant annihilation through the SM Higgs means that the thermal average of the annihilation rate must be carried out numerically, rather than using an analytic approximation. To find the annihilation cross section, we follow [41] in taking the 1-loop corrected cross section at large DM masses, and using results computed for the SM Higgs width at smaller masses m DM < 300 GeV [43] (with the addition of the extra channel into the SM Higgs when this is kinematically allowed). The tabulated values of the Higgs width include the leading QCD corrections and the effects of 3 and 4 body final states, which can change the cross section significantly [44] . The constraints on scalar Higgs portal DM models assuming a thermal cosmological history. Requiring that the relic abundance matches the measured value fixes the value of portal coupling as a function of the DM mass to the contour labeled Ω = Ω DM . Direct detection experiments (DD) lead to strong constraints, and LHC searches for invisible Higgs decays are also relevant (h invis.). Indirect detection searches by Fermi and AMS are potentially constraining, although the latter is highly sensitive to astrophysical uncertainties (these are plotted only in parts of parameter space in which they are competitive with direct detection searches). The reach of the future CTA experiment is shown, and this could probe the high DM mass region. The neutrino floor (ν-floor), below which direct detection searches become extremely challenging, is also shown.
The contour of λ against m DM that leads to the experimentally measured DM relic abundance is plotted in Figure 1 (this closely matches existing results in the literature). There is a region around m DM m h /2 in which resonant annihilation permits relatively small values of the portal coupling. However, over the remainder of parameter space couplings λ 0.1 are required. For DM with a large mass, annihilation is dominantly to W -bosons, with significant branching fractions also to Z-bosons and the SM Higgs. At times when the DM is not highly relativistic, annihilation is primarily to b-quarks if m W > m DM > m b , where m W and m b are the masses of the W-boson and b-quark respectively.
Direct, indirect, and collider constraints
The simple nature of the Higgs portal model also means that, once the portal coupling and DM mass are chosen, the observational signals in direct, indirect, and collider searches are fixed. Uncertainties on the constraints obtained arise from, for example, our limited in the range where resonant annihilation through the SM Higgs occurs, if this leads to kinetic decoupling at around the same time as chemical decoupling [45] . Given that the viability of DM extremely close to resonance is not our main focus, we neglect this possible effect.
knowledge of the DM density close to the galactic centre and in the vicinity of the Earth, and the quark content of nucleons.
Over the majority of parameter space, the dominant constraint on scalar Higgs portal models comes from direct detection experiments. The cross section for spin-independent DM scattering off nucleons, labeled N , in such models can be parameterised as
, with m N the nucleon mass. At leading order in a chiral expansion
where q denotes the SM quarks [41, 46, 47] . Recently the scattering cross section has been computed to higher order in chiral perturbation theory, including the effects of couplings to two nucleon currents [48] . The result of this calculation can be incorporated in the cross section by taking f N = 0.308 ± 0.018 in Eq. (2.1), and we use this value in evaluating the experimental bounds.
In Figure 1 we show the current direct detection constraints on the portal coupling arising from spin-independent scattering. At large DM masses these are dominantly from Xenon1T [10] and PandaX2 [49] , while at m DM 5 GeV CDMS [50] sets stronger limits (at even smaller DM masses, m DM 2 GeV, CRESST-III is relevant [51] ). For clarity, we do not plot the uncertainties arising from the experimental set-up, astrophysics, and from f N . These can alter the bound on λ by a factor of ∼ 2, which does not change the qualitative interpretation of the results. These bounds already rule out the minimal scalar Higgs portal model over the majority of parameter space, except for a region where resonant annihilation via the visible sector Higgs is possible, and a region at very large DM masses. In the latter case, values of the portal coupling 1 are required, close to the limit of perturbativity. We also plot the neutrino floor, discussed further in Section 5, which gives a lower limit on the DM scattering cross section that a conventional direct detection experiment can discover.
If m DM < m h /2, Higgs portal DM models can lead to a significant SM Higgs invisible decay rate, and collider searches for such processes can be relevant [52] [53] [54] . The current constraint on the Higgs invisible width Γ invis from the LHC is Γ invis / (Γ invis + Γ SM ) < 0.24, where Γ SM is the SM width, assuming that the Higgs production rate is given by the SM prediction [55, 56] . This bound is dominantly from direct searches for invisible decays, which lead to a large missing momentum in combination with particular visible signatures, for example after associated vector boson Higgs production. Such limits are stronger than indirect constraints from the measurement of the decay rate of the Higgs to SM states. Using the prediction for the invisible Higgs decay rate in the Higgs portal model,
where v = 246.2 GeV, the corresponding bound on the portal coupling is plotted in Figure 1 . Alone this would rule out scalar Higgs portal models with m DM 40 GeV, however given recent progress in direct detection searches it does not presently constrain any parameter space that is not otherwise excluded. 5 Future improvements in searches for invisible Higgs decays at the high luminosity LHC or an e + e − collider, discussed in Section 6, could be sensitive to couplings down to λ 10 −2.5 . However, this will only constrain a small part of the viable parameter space in Figure 1 , around the resonance region [57] . Even for fermion Higgs portal DM with pseudoscalar couplings, for which the direct detection bounds are extremely weak, almost all of the parameter space with m DM < m h /2 is already excluded by the existing collider limits, and further improvements will only have a limited impact [12, 58] . For DM masses larger than m h /2 other signatures at particle colliders are possible [59] [60] [61] . In the minimal model that we consider these are far weaker than direct detection bounds, but they could be significant if the state that is coupled to the Higgs is a mediator to a dark sector, rather than the DM itself.
Higgs portal models can also lead to signals in indirect detection experiments, as a result of late time annihilations to the visible sector [62] [63] [64] . The Fermi experiment has searched for gamma ray emission from dwarf spheroidal galaxies, leading to constraints on the DM annihilation cross section evaluated at the typical present day DM velocity [65] . The null results can again be interpreted as bounds on λ as a function of m DM [63] , and these are plotted in Figure 1 (in parts of parameter space where they are comparable to direct detection constraints). The region just above the lowest point of the resonance is ruled out, since in this case the annihilation cross section in the present day universe is larger than in the early universe when the relic abundance is set, due to the smaller DM velocity today. Fermi has also observed a possible excess in gamma rays emitted from the galactic centre, which could be due to DM annihilations [66, 67] . This has been studied in the context of the Higgs portal model that we consider [68] [69] [70] , but it can not be easily accommodated [12] . To obtain a present day annihilation cross section that matches the tentative signal, while also being compatible with the measured DM relic density, a DM mass very close to the bottom of the resonance is needed. For slightly larger DM masses, a present day annihilation cross section that matches the excess corresponds to a cross section in the early universe that is too small, leading to an over abundance of DM. For smaller DM masses, values of the portal coupling that lead to the observed relic abundance predict a too small annihilation cross section today. 6 The currently viable region at large DM masses could be explored by the Cerenkov Telescope Array (CTA), which is currently in development [41, 47, 74] . This is aimed at detecting gamma rays with energies between ∼ 10 GeV and ∼ 100 TeV. However, the expected reach of CTA is strongly dependent on the DM density profile near the galactic centre, and this is currently subject to significant uncertainties. In Figure 1 we show the projected sensitivity of CTA assuming the optimistic case of an NFW DM profile [74] , for 5 Direct detection bounds on models with low mass DM are weak, but these are ruled out by indirect detection constraints from Fermi and observations of the cosmic microwave background. 6 The galactic centre might be easier to fit in more complex Higgs portal models [71] [72] [73] .
which the DM density is relatively high at the galactic centre. If the DM is less dense in this region, for example as predicted by the Einasto profile [75] , CTA will not be sensitive to any parameter space that is not already ruled out by direct detection experiments for the model we consider. Late time annihilations can also result in a significant rate of position production in Higgs portal models, both for DM masses above and below the threshold for production of electroweak (EW) gauge bosons [76] . As a result, measurements of the antiproton flux by AMS-02 [77] constrain the value of the portal coupling [78, 79] , and the bounds obtained can be comparable to those from direct detection experiments in the high DM mass region. However, these limits are subject to significant uncertainties, dominantly from the propagation of positrons in the galaxy. In Figure 1 the constraints obtained using the propagation model described in [79] are plotted. If other propagation models are assumed these results can differ by a factor of ∼ 3 in the value of the portal coupling, and some propagation models lead to weaker bounds that are further inside the region already excluded by direct detection searches. There is a claimed excess in the position flux, corresponding to DM masses in the range 20 GeV m DM 80 GeV. However, similarly to the Fermi galactic centre excess, this is hard to fit within the minimal Higgs portal model. Finally, models with small DM masses are constrained by indirect detection bounds from the cosmic microwave background (CMB) [80] and BBN [81] . For the minimal Higgs portal model these are weaker than the limits from searches for Higgs invisible decays.
In the remainder of this paper we show that changing the cosmological history of the universe can alter the value of the portal coupling required to obtain the measured DM relic abundance, and consequently can allow models with scalar Higgs portal DM to evade experimental constraints. In passing we note that this could also be achieved by introducing a more complex hidden sector. Adding extra hidden sector states can lead to new annihilation channels [82] , which can reduce the relic abundance and permit smaller values of λ. Additionally, models containing two real hidden sector scalar fields with a softly broken U(1) symmetry coupled to the visible sector through a Higgs portal operator have been studied [83] , and can lead to viable parameter space. Sommerfeld enhancement of the DM annihilation cross section can also have an important effect in more complicated models with additional new light states, and can allow models with large DM masses [84] , as well as potentially enhancing indirect detection signals [85] . 7 Fermion Higgs portal DM with a pseudoscalar coupling to the SM Higgs also remains viable over large parts of parameter space [12] . In this case, the direct detection cross section is velocity suppressed and extremely weak (and probably below the neutrino floor, depending on the present day DM velocity distribution). In contrast, its annihilation rate is not suppressed at low velocities, and future indirect detection searches could be relevant [12] . Meanwhile, in models with fermion DM with scalar couplings to the Higgs, the extra states required to UV complete the portal operator can have important effects [87] , and more complex Higgs sectors could lead to blind spots in direct detection searches [88] .
Moduli and late time matter domination
Turning to the main focus of our work, we now consider theories that have a non-thermal cosmological history due to the presence of a relatively light scalar with a highly suppressed decay rate. If the scalar is displaced from the minimum of its potential, this typically leads to a period of late time matter domination, followed by entropy injection when it decays. The possibility that late decaying particles could alter the universe's cosmological history has been studied extensively [20, [89] [90] [91] [92] [93] . Other possibilities for modifying the cosmological history include a period of kinetic energy domination, which also alters the DM relic abundance [94] , but this is less motivated from a UV perspective.
String moduli
UV completions of the SM by string theory models typically include scalar moduli fields, which are associated to deformations of the size or shape of the extra spatial dimensions that are compactified to get a 4 dimensional low energy effective theory. The process of stabilising the extra dimensions, for example through non-perturbative effects, leads to the moduli getting masses. The spectrum of moduli depends on the details of a compactification, however the lightest is expected to have a mass that is parametrically of the same order as the gravitino mass. Additionally, in some string constructions the properties of the moduli can be calculated explicitly [95, 96] .
Motivated by the success of gauge coupling unification when the SM is completed to the Minimal Supersymmetric Standard Model (MSSM) with soft masses not far above the EW scale (which also solves most of the hierarchy problem), we consider models in which the gravitino mass and the mass of the lightest modulus are relatively close to the TeV scale. 8 Such a model automatically leads to a period of late time matter domination.
The decay rate of a string modulus to fermions φ → ψψ is parametrically
where c is a constant that is expected to be of order 1 [95] , and M Pl is the reduced Planck mass. 9 In many string models, the lightest modulus mass eigenstate is a mixture of multiple UV moduli, and in this case it often has relatively similar couplings to the DM and visible sector states. However, given that we do not commit to a particular underlying model, we assume that the lightest modulus might plausibly have a branching fraction to DM that is a factor ∼ 10 8 smaller than to the visible sector. 8 We assume that supersymmetry breaking is mediated to the visible sector by Planck suppressed operators. In models of gauge mediation, obtaining moduli masses that are large enough for a viable cosmological history in combination with visible sector soft masses at the TeV scale is challenging. 9 Although this is a good approximation in many string models, the modulus decay rate could be dramatically different in compactifications with an exponentially large internal volume and modulus couplings enhanced by powers of the volume compared to Eq. (3.1) [97] .
Non-thermal cosmological histories
For simplicity we focus on models in which there is a single modulus φ, with mass m φ , that is substantially lighter than the others. The final DM relic abundance is then determined by the dynamics of this modulus. More generally, string compactifications are typically expected to have multiple moduli with similar masses and decay rates, which could lead to interesting new dynamical regimes (we intend to return to this possibility in future work). We assume that inflation occurs at a scale that is not extremely low, in particular that the Hubble scale during inflation H I m φ . As a result the lightest modulus generically gets a vacuum expectation value (VEV) of order φ ∼ M Pl [95] , since around this value higher dimension operators in its potential become significant. The modulus' subsequent evolution is given byφ
where H is the Hubble parameter. Consequently, the modulus remains fixed at its initial VEV until the Hubble parameter drops to H osc m φ , when it begins oscillating around the (zero temperature) minimum of its potential.
The coherent oscillations of the modulus act a non-relativistic matter contribution to the energy density of the universe, and after the modulus begins oscillating its energy density is diluted as ∼ 1/a (t) 3 , where a (t) is the scale factor of the universe. In contrast, the energy density in the radiation bath decreases as ∼ 1/a (t) 4 . Since the modulus begins oscillating when its energy density,
Pl , is comparable to the energy in the radiation bath, ρ rad ∼∼ H 2 osc M 2 Pl , it quickly comes to dominate the universe. During the subsequent matter dominated era the Hubble parameter is approximately
Pl , where ρ φ is the energy density in the modulus, and the universe's scale factor increases with time as a(t) ∼ t 2/3 .
Matter domination continues until the Hubble parameter drops to be comparable to the modulus decay width, when the majority of the moduli quanta decay. We follow the convention of defining the reheating temperature T RH such that Γ φ = H (T RH ), which is approximately the temperature when the universe passes back into radiation domination. From Eq. (3.1),
where g (T RH ) is the effective number of relativistic degrees of freedom at reheating. A lower bound on the mass of the lightest modulus comes from the observational requirement that it decays before BBN, so that the universe is radiation dominated during this process. This corresponds to a reheating temperature T RH 10 MeV, and a modulus mass 10 TeV, for c of order 1 in Eq. (3.1) (the precise lower bound on T RH does not significantly modify the possible DM phenomenology).
Although matter domination continues until relatively late times, the modulus begins decaying as soon as it starts oscillating. These early decays only transfer a small fraction of energy stored in the modulus field to radiation (or DM) until H drops to ∼ Γ φ . However, they still have an important impact on the system's dynamics and the final DM yield. If there is no energy in the radiation bath when the modulus first starts oscillating, the early decays mean that the maximum temperature reached by the bath is of order T max ∼ m φ . This occurs when t/t osc ∼ O (1), where t osc is the time when the modulus begins oscillating [19] , soon after the onset of matter domination and long before radiation domination reemerges. Subsequently, the temperature of the radiation bath drops as T ∼ a −3/8 , and therefore H ∼ T 4 , until the majority of the modulus quanta have decayed.
Instead, in a simple model with a single modulus and a period of radiation domination before the modulus begins oscillating, there are two contributions to the energy density of the radiation bath. First, there is energy previously in the bath before matter domination, and this is supplemented by new energy produced from modulus decays. As a result, the temperature of the universe never increases during the modulus' decay [91] . Although the energy from primordial radiation can be greater than that from modulus decays until relatively late times, it is always eventually subdominant. 10 Further, we find from a numerical analysis that in all of the parameter space of interest the final DM relic density is independent of whether there is any energy in the radiation bath when the modulus starts oscillating or not. That is, the dynamics that set the DM relic abundance happen after the primordial energy in radiation is sufficiently redshifted that it is irrelevant compared to energy from the modulus decay, and these dynamics are independent of the prior conditions (this matches the conclusion in [26] ). The multiple moduli that are expected in typical string models will result in an even longer period of matter domination, which will make any initial energy in the radiation bath even less significant.
As well as string moduli, we could also consider theories containing weakly coupled scalars that lead to a period of matter domination, but which decay with a different parametric rate to Eq. (3.1). For example, non-thermal cosmologies have also been proposed to arise due to the dynamics of the saxion (the scalar counterpart of the axion) in F-theory models, and this can have a decay rate that is suppressed by the axion decay constant [98] . However, for a given final reheating temperature, the viable DM parameter space will be similar to that in a model with a string modulus. The primary change is that a given reheating temperature corresponds to a different saxion/ modulus mass, due to the modified decay rate. As a result, a particular energy density corresponds to a different saxion/ modulus number density, so that, in some parts of parameter space, the branching fraction into DM (discuss in more detail shortly) that leads to a particular DM relic abundance will change.
Higgs portal DM with a non-thermal cosmological history
A non-thermal cosmological history can dramatically alter the dynamics of the DM in the early universe and its relic abundance, compared to theories with a thermal history. During matter domination DM can be produced directly from the decays of the moduli, parameterised by the modulus branching fraction to DM, defined as 11
where Γ φ→DM and Γ φ→vis are the modulus decay rates to DM and the visible sector respectively. If the temperature is high enough T m DM , interactions between visible sector states in the thermal bath can also produce DM. Meanwhile, if its number density becomes sufficiently large, DM annihilations to the visible sector will be relevant. Additionally, entropy is injected into the system as long as modulus decays continue, which acts to decrease the DM yield. The possible dynamics of Higgs portal DM models in theories with a non-thermal cosmological history are similar to those of WIMP DM candidates, which have been classified in [24] (WIMP DM models with a more complex hidden sector have also been studied [25] ). One difference is that the annihilation cross section of Higgs portal DM has an unusual temperature dependence, due to new channels opening up as mass thresholds are passed and the possibility of resonant annihilation.
We calculate the final DM yield by numerically integrating the energy density in the modulus, radiation, and DM during the evolution of the universe. For definiteness, we fix the coefficient c = 1 in Eq. (3.1) (this does not significantly change the phenomenology) giving a definite relation between the modulus mass and the reheating temperature. A model is therefore specified by four parameters: the portal coupling, the DM mass the, modulus branching fraction to DM, and the reheating temperature. The equations determining the evolution of the DM yield are well known [19] , and it is convenient to define a dimensionless scale factor A = aT RH . Further, we work in terms of dimensionless variables
where n χ is the DM number density, and ρ φ and ρ R are the energy densities in moduli and radiation respectively. With this definition X remains constant when no DM states are produced or destroyed, even when entropy in injected into the universe by modulus decays. In Appendix A we give expressions for dΦ dA , dX dA , dR dA , and dT dA , which reproduce those in [26] . Φ decreases with time due to modulus decays, R increases due to modulus decays and can also be slightly altered by energy transfer to or from the DM. X is increased by modulus decays and increased or decreased by production from, or annihilation to, the thermal bath depending on the sign of X 2 eq − X 2 , where X eq is its equilibrium value at a given temperature. The number of relativistic degrees of freedom changes as the temperature of the universe drops during the modulus decay, and this can affect the DM relic abundance by a factor of O (1). We include the effect of this following [26] (around Λ QCD the number of degrees of freedom can be obtained from the equation of state [105] ).
We primarily consider models with DM masses 100 MeV, since obtaining the measured DM relic abundance for smaller masses requires that the portal coupling either has a tiny value, which would be challenging to observe experimentally, or a large value, which is already experimentally excluded. For simplicity, we use the DM annihilation cross section to SM quarks, leptons, gauge bosons, and the Higgs, described in Section 2. For DM masses below the QCD scale, the cross section for annihilations to hadrons will be a source of major uncertainty, although for 100 m DM GeV a significant fraction of annihilations are to muons and this is relatively unaffected by QCD corrections. An accurate calculation of the relic abundance in this DM mass range would require both the non-perturbative annihilation cross section to hadrons, and the inclusion of finite temperature effects due to the QCD plasma, which could plausibly change the required value of the portal coupling by an order of magnitude. However, given that we do not expect our simple model to precisely reproduce UV complete theories, since these are expected to contain multiple moduli, this approximation for the annihilation cross section is sufficient for our current purposes.
Regimes of DM in non-thermal cosmologies
Depending on the reheating temperature and the modulus branching fraction to DM, the DM can have different dynamics. The resulting relic abundance can be larger or small than would occur in a model with the same DM properties and a thermal cosmological history.
Given the results in Figure 1 , for Higgs portal models to be viable over large parts of parameter space the DM relic abundance must be reduced relative to that in a thermal cosmology. This can happen in different ways and, although for our final results we will rely on a numerical integration of the Boltzmann equations, the approximate dependence of the relic abundance on the model parameters can be understood analytically.
• DM production from the thermal bath, without chemical equilibrium
In this regime DM is dominantly produced from scatterings of states in the visible sector thermal bath. If the portal coupling is sufficiently small, the DM number density will never be large enough for annihilations to become significant, and chemical equilibrium is not reached. Production becomes inefficient once the visible sector thermal bath temperature drops below ∼ m DM . Subsequently the comoving DM number density X remains constant, and the DM yield n χ /s (where s is the entropy density) is reduced by entropy injection from the modulus decays.
In this case, most of the DM is produced when the visible sector temperature is T pro ∼ m DM . At earlier times when the temperature T > T pro , a Hubble time is shorter by a factor ∼ T 4 pro /T 4 and any DM produced at this point is diluted by an extra factor of a (T pro ) 3 /a (T ) 3 ∼ T 8 pro /T 8 due to the expansion of the universe, although the DM production rate is enhanced by the increased number density of visible sector states n vis (T ) /n vis (T pro ) ∼ T 3 /T 3 pro . Combining these factors, DM is dominantly created from the thermal bath at the lowest kinematically allowed temperatures. This remains the case even once they strong temperature dependence of the cross section in Higgs portal models is included. 12 The dependence of the DM relic abundance on a model's parameters can be estimated from the DM production rate at T pro . This is dn χ /dt ∼ n 2 σv , where n ∼ T 3 prod is the number density of SM states, σv is the DM annihilation cross section evaluated at T pro , and we have ignored numerical factors that are 100. As a result the DM yield at the time of production is
and during the matter dominated era H ∼
. Subsequently, the DM yield is decreased by a factor of y (T RH ) /y (T pro ) = (T RH /m DM ) 5 due to entropy injec-
In calculating the viable DM parameter space, the strong temperature dependence of σv | Tpro on m DM as mass thresholds are crossed is important. However, we note that if σv was temperature independent, the DM relic abundance would be proportional
DM σv in this regime. As a result, contours of constant DM relic abundance with T RH fixed would correspond to portal couplings that varied with the DM mass as λ ∼ m 5/2 DM (dropping a dimensionful constant).
• Production from thermal bath, with chemical equilibrium and freeze out during matter domination
If the portal coupling is sufficiently large, production from the SM thermal bath is efficient enough that annihilations become significant and the DM reaches chemical equilibrium. This persists until the temperature of the thermal bath drops to ∼ m DM , when the equilibrium DM number density drops rapidly. As in normal freeze out in a radiation dominated universe, the DM number density initially decreases, until annihilations become slow compared to the Hubble parameter and the DM falls out of chemical equilibrium. Subsequently the DM yield is decreased by entropy injection from the modulus decays, which reduces its final relic abundance compared to if freeze out had occurred with a thermal cosmological history.
Freeze out takes place when the Hubble parameter is roughly H ∼ m 4 DM /m 3 φ . As a result, DM annihilations remain efficient until the DM number density drops to n χ ∼ m 4 DM / m 3 φ σv . Including the extra entropy injection after freeze out, the final DM yield is approximately
As before, the strong temperature dependence of σv is crucial. If σv was temperature independent, contours of fixed DM relic abundance with m φ constant would correspond to portal couplings that vary as λ ∼ m −3/2 DM .
• Production from modulus decay without reaching chemical equilibrium
If the modulus branching fraction to DM is sufficiently large, direct decays can be the main source of DM. In this case, the majority of the DM is produced when T = T RH , when most of the moduli decay. If the DM number density produced is not large enough for annihilations to be significant then n χ Bρ RH /m φ at this time, where ρ RH π 2 30 gT 4 RH is the modulus energy density when T T RH (at which point ρ φ ∼ ρ rad ). The final DM yield when radiation domination begins is therefore
Contours of constant DM relic abundance are independent of λ in this regime, and obtaining the measured DM relic abundance requires a modulus branching fraction
There are also other possible DM dynamics in non-thermal models. These do not reduce the DM relic abundance compared to models with a thermal cosmological history, and are therefore less phenomenologically interesting for our present work.
• Production from modulus decay, with chemical equilibrium If the modulus branching fraction to DM is sufficiently large, the DM is dominantly produced from decays and it can reach chemical equilibrium. This leads to a quasistatic equilibrium, with production balanced by annihilations. Once the modulus has completely decayed DM production stops, and the DM continues annihilating until its number density drops to n DM H/ σv ∼ T 2 RH / (M Pl σv ) [23] . Since we are interested in parts of parameter space for which T RH m DM , this results in a larger relic abundance than the thermal freeze out prediction. 13 
• Freeze out after reheating
If its mass is sufficiently small, the DM can be in chemical equilibrium with the visible sector immediately after reheating, when the universe returns to radiation domination. In this case the DM remains in chemical equilibrium as long as n χ σv H, and when this is violated freeze out occurs. The DM relic density is the same as if the universe had been radiation dominated throughout its history, reproducing the parameter space studied in Section 2.
We plot the comoving DM number density X as the temperature of the universe drops (that is, as time progresses) for different non-thermal Higgs portal DM models in Figure 2 . These results are obtained by numerically integrating the Boltzmann equations, for a fixed reheating temperature T RH = 10 GeV (or equivalently having taken c = 1 in Eq. (3.1), a modulus mass of 10 4 TeV) and a fixed DM mass of 600 GeV. λ=0.1 Figure 2 . Left: The evolution of the comoving DM number density X (defined in Eq. (4.2), normalised to the value required to match the observed DM relic abundance X m ) as a function of the visible sector temperature T , in non-thermal Higgs portal DM models with different values of the portal coupling λ. The reheating temperature is fixed to 10 GeV, the DM mass is set at 600 GeV, and the modulus branching fraction to DM is B = 0, so that DM is only produced from the visible sector thermal bath. Right: The evolution of X in models with different values of the modulus branching ratio to DM. The reheating temperature is fixed to 10 GeV, the DM mass is 600 GeV, and the portal coupling is λ = 0.1. At early times DM is produced from the thermal bath, and then freezes out during matter domination. Subsequently, the majority of DM is produced from modulus decays, when the visible sector temperature is around the reheating temperature.
In Figure 2 left, we show models with zero modulus branching fraction to DM, so that production is purely from the thermal bath. When the portal coupling is small the DM never reaches chemical equilibrium, and increasing the coupling simply leads to more DM being produced, with the relic abundance proportional to λ 2 . At a critical value of the coupling (in this case λ ∼ 10 −3.5 ) the DM reaches chemical equilibrium. Increasing the portal coupling further decreases the relic abundance, since this is now set by freeze out during matter domination. As a result, there are two values of the portal coupling that lead to the observed DM relic abundance for this particular DM mass and reheating temperature, if B = 0.
In Figure 2 right, we plot models in which the DM relic abundance is dominantly produced by modulus decays. At early times DM is produced from the thermal bath and reaches chemical equilibrium, before freezing out when the temperature drops below m DM . Subsequently, modulus decays continue and most of the DM is produced when the temperature is ∼ T RH . For B 10 −3 the DM number density does not become large enough for annihilations to be efficient at late times, and the relic abundance is proportional to B. For larger values of the modulus branching fraction, DM annihilations become efficient, and a quasi-static equilibrium is reached. In this regime the final DM abundance is approximately independent of B.
The parameter space for Higgs portal DM
The parameter space for which Higgs portal DM makes up the full observed relic abundance can be found by scanning over different models, numerically integrating the Boltzmann equations for each. In particular, we fix the reheating temperature and modulus branching fraction since these are determined by the underlying string theory, and study how the relic density constraint translates into contours in the plane of portal coupling vs. DM mass.
In Figure 3 we plot the results for theories with a low reheating temperature T RH = 20 MeV, close to the minimum allowed by BBN, and for models with a higher reheating temperature T RH = 10 GeV (which is still low enough that the non-thermal history has an impact). The former corresponds to a modulus mass ∼ 100 TeV and the latter ∼ 10 4 TeV. 15 The required values of the portal couplings as a function of the DM mass are plotted for modulus branching fractions between B = 10 −3 and B = 0, since allowing B > 10 −3 does not open up any additional parameter space. The observed DM relic abundance can arise from models that are in all of the dynamical regimes discussed in Section 4.1. Additionally, the gradients of the contours of the portal coupling vs DM mass match the approximate analytic calculations in Section 4.1 reasonably closely, and even the numerical factors are fairly accurate.
Contours that are almost vertical correspond to models in which DM is produced directly from modulus decays without reaching chemical equilibrium. For very small modulus branching fractions to DM, production directly from decays can lead to viable models with m DM TeV. Such heavy DM is relatively rare in theories with a thermal cosmological history, due to the large annihilation cross sections that are required assuming freeze out during radiation domination. Because the value of the portal coupling is unimportant in this regime, existing constraints from direct detection and collider searches can be evaded simply by taking λ to be small (although given that the portal coupling plays no role in setting the DM relic density, the motivation for such models to be within reach of future experiments is also diminished).
For models with T RH = 20 MeV, DM with a mass in the range 0.1 GeV m DM GeV, and a relatively small value of the portal coupling, is produced from the visible sector thermal bath and does not reach chemical equilibrium, provided that B 10 −2 . In this part of parameter space contours of constant relic abundance have positive gradient. In models with T RH = 10 GeV the modulus branching fraction to DM must be relatively small in order to be in this regime, and it is possible for 600 GeV m DM 2 TeV and B 10 −6 (for larger values of B production from direct modulus decays becomes more important than production from the thermal bath). Meanwhile, for larger values of the portal coupling in these mass ranges DM annihilations are important, and the relic abundance is set by freeze out during matter domination. In this part of parameter space the contours have negative gradient. In both of these regimes, the measured relic abundance occurs for smaller values of λ than in theories with a thermal cosmological history.
Sufficiently light DM will be in chemical equilibrium with the visible sector thermal . At larger masses, DM is mainly produced directly from modulus decays. The current constraints from LHC searches for invisible Higgs decays (h invis.) and direct detection bounds (DD) are shown shaded gray. The future reach of searches for invisible Higgs decays at the high luminosity LHC or an e + e − collider, sensitive to an invisible branching fraction of 1%, (future) is shown dashed gray, and the neutrino floor (ν − floor) is plotted with a dotted gray line. Right: The same parameter space for a model with a reheating temperature of 10 GeV. In this case production from the thermal bath can lead to viable models with relatively heavy DM if the modulus branching fraction to DM is small (chemical equilibrium is reached in such models if λ 10 −3 ). For even heavier DM, production directly from modulus decays can lead to the measured DM relic abundance for small values of B, while for m DM 200 GeV the DM is in thermal equilibrium after reheating, and the required value of λ is the same as in models with a thermal cosmological history.
bath at the time of reheating, and will therefore freeze out during radiation domination, provided that the portal coupling is not tiny. For example, this is the case for the contours leading to the required relic abundance with T RH = 10 GeV and DM masses 200 GeV. In this regime the DM relic abundance is very close to that obtained from a model with a thermal cosmological history, plotted in Figure 1 .
Finally, for T RH = 10 GeV and m DM 200 GeV, a quasi-static equilibrium is reached for B 10 −5 and λ 0.1. This increases the DM relic abundance compared to models with a thermal cosmological history, so that obtaining the measured DM abundance requires larger values of λ, which are already ruled out.
By varying the reheating temperature upwards from the minimum value allowed by BBN, the required DM relic abundance can arise for any value of the portal coupling if m DM GeV and B = 0. Models with a particular non-zero modulus branching fraction to DM are also possible over the majority of this region, either through direct production from modulus decays, or by production from the thermal bath. Additionally, there is a significant part of parameter space with 100 MeV m DM GeV, even for models with a relatively large modulus to DM branching ratio.
It can now be seen that calculating the relic abundance assuming that the DM is at the same temperature as the visible sector does not lead to significant inaccuracies. Over most of the parameter space in which the DM is produced from the visible sector thermal bath the portal coupling is large enough for thermalisation, and even if not the DM states produced automatically have approximately the same temperature as the SM. In parts of parameter space in which the DM is produced by direct modulus decays and reaches a quasi-static equilibrium, the portal coupling is large enough that it will thermalise with the visible sector. Meanwhile, if the DM is dominantly produced from modulus decays and does not efficiently annihilate, it could remain at a higher temperature than the visible sector if the portal coupling is extremely small, so that scattering off the SM thermal bath is inefficient. This might have an impact on structure formation, discussed in Section 5, however it will not alter the DM relic abundance.
We also note that the contribution from the Higgs VEV to the DM mass, m 2 DM ⊃ λ 2 v 2 , is not sufficiently large that the DM mass must be fine tuned to be small in any of the viable parameter space. 16 In models with T RH = 20 MeV, in some parts of parameter space this contribution is comparable to the total DM mass, and it could even be the sole source of the DM mass (elsewhere it is significantly smaller than the total DM mass). Meanwhile, for models with T RH = 10 GeV it is negligible.
Prospects for future observation and phenomenology
Since the viable parameter space of non-thermal Higgs portal DM models extends over a large range of DM masses and values of the portal coupling, far beyond the current constraints, it is interesting to consider the possibilities for future detection.
Observation of a signal that is challenging to obtain from simple models assuming a thermal cosmological history could point towards either a non-thermal cosmology or a more complex hidden sector [106] . This would be the case if, for example, DM with a relatively small mass GeV is detected. Another interesting possibility is that the DM could be observed in multiple different types of experiment. For example, if the DM scattering cross section measured in a direct detection experiment matched that predicted by Higgs portal models after a collider observation of invisible Higgs decays, this would be strong evidence in favour of such a theory. We will see that this combination of observations could plausibly occur given the potential reach of future experiments. 17 16 Although since the DM is a scalar its mass is quadratically sensitive to any new higher energy scales that it is sufficiently strongly coupled to. 17 Higgs portal DM could also affect the SM EW phase transition [107] .
Collider searches
As discussed in Section 2, for m DM < m h /2 collider searches for invisible Higgs decays are potentially competitive with direct detection constraints, and in Figure 3 we plot the current bounds derived from limits on invisible Higgs decays at the LHC [56] . Such searches are particularly significant for Higgs portal models with a non-thermal cosmological history, since they are more constraining than direct detection limits in some parts of the parameter space that lead to the required DM relic abundance. Additionally, there is a substantial region of viable parameter space close to the current bound. As a result, future improvement in these searches could lead to such a model being discovered. The sensitivity of indirect searches for Higgs invisible decays at the LHC (from the measurement of the Higgs decay rates to SM particles) will increase slightly as more data is accumulated, and these could reach invisible branching fractions of order Γ invis / (Γ SM + Γ invis ) ∼ 0.1. However, the potential improvement is limited by the large uncertainties in the cross section for Higgs production via gluon fusion due to QCD corrections [43, 108, 109] . In contrast, the sensitivity of direct searches for invisible Higgs decays could improve dramatically over the course of the LHC's high luminosity run, and it is expected that invisible branching fractions as small as ∼ 0.02 could be reached [110] [111] [112] . Searches at a 100 TeV hadron collider could be even more sensitive, potentially down to invisible branching fractions of ∼ 0.005 [58, 113] , although the unknown systematic uncertainties at such a machine makes it difficult to reliably predict the achievable sensitivity [113] . 18 A future e + e − collider with a centre of mass energy of 500 GeV would also be extremely sensitive to invisible Higgs decays, and could detect an invisible branching fraction of ∼ 0.005. In this case, the most powerful search channel is Higgs production in association with a Z-boson followed by invisible decay. Further, a study of the distribution of the missing invariant mass could confirm the Higgs portal nature of an observed signal [59, 115, 116] , and interference effects might even allow a scalar DM Higgs portal to be distinguished from models of fermion DM interacting with the SM Higgs through a light mediator [117, 118] .
In Figure 3 we show the part of parameter space that would be explored by collider searches that are sensitive to an invisible Higgs branching fraction of 1%, which is plausible at a future machine. For models with a relatively low reheating temperature ∼ 20 MeV, a significant proportion of the parameter space will be covered. This includes many models for which the DM relic abundance is set by production from the thermal bath without chemical equilibrium. Additionally, part of the parameter space in which DM is produced directly from modulus decays will also be reached in scenarios with relatively large modulus to DM branching fraction, for example B ∼ 10 −3 .
Conversely, collider searches for models with m DM > m h /2 are expected to remain weak. An e + e − collider could probe Higgs portal couplings of order 1, which is far weaker than existing direct detection bounds in the minimal theories that we consider [59] . Such searches could however be important in more complex models [60, 119, 120] , and they could also be significant in models of fermion Higgs portal DM if the additional states added to UV complete the portal operator are relatively light [121] [122] [123] [124] .
Direct and indirect detection
The sensitivity of direct detection experiments is also expected to increase substantially in the near future. However, such searches will eventually reach DM-nucleon cross sections at which the irreducible neutrino background, arising from coherent scattering of solar, atmospheric, and supernovae neutrinos, becomes problematic [125] . Improving the sensitivity of direct detection searches beyond this level is extremely challenging, and would require techniques such as directional detection [126] . In Figure 3 we plot the neutrino floor, as well as the current direct detection constraints.
Relevant to the high DM mass region, the LZ experiment is expected to begin operation in 2020 [127] . This is a next generation xenon experiment, which has an anticipated sensitivity that is close to the neutrino floor for DM masses 6 GeV, after 1000 days of exposure assuming a 5.6 tonne fiducial mass (the reach of the XENONnT experiment and the PandaX upgrade are expected to be similar). As well as exploring all of the resonance region in the thermal cosmological history case, this will cover a significant amount of the parameter space for which the DM relic abundance is set by freeze out during matter domination in non-thermal models with a relatively high reheating temperature ∼ 10 GeV.
At smaller DM masses SuperCDMS SNOLAB, which is based on cryogenic detectors, could reach DM nucleon scattering cross sections a factor of 10 (i.e. a factor of ∼ few in the portal coupling) above the neutrino floor for DM masses in the range 0.7 GeV m DM 10 GeV [128] . From Figure 3 left, such an experiment will explore an interesting part of the parameter space for non-thermal models that have a relatively low reheating temperature. The reach is comparable to that of future collider searches for Higgs invisible decays in this DM mass range, and, as mentioned, an observation in both of these channels would greatly increase the potential for discriminating between different DM models. 19 The prospects for improvement in the reach of indirect detection experiments are comparatively less dramatic, at least in the short term. The upcoming CTA experiment [47, 74] might explore some parts of parameter space at high DM masses that are not currently excluded by direct detection experiments, and the potential reach is shown in Figure 1 . However, as discussed in Section 2.1, this is obtained assuming a relatively optimistic DM spatial distribution. Future measurements of anti-protons or anti-deuterium [129] produced by DM annihilations might also be sensitive to parts of parameter space that are not currently excluded [76, 130] , however astrophysical backgrounds and uncertainties are likely to remain significant.
Astrophysical effects
DM self-interactions can be astrophysically relevant if the scattering cross section is of order σ s /m DM ∼ cm 2 /g, and such interactions have been proposed as a possible resolution of apparent disagreements between numerical simulations of cold DM and observations of small-scale structure [131] . Present discrepancies include the core vs cusp problem [132, 133] , the missing satellites problem [134] , and the too-big-to-fail problem [135] , although it is plausible that baryonic effects such as photoionisation and supernova feedback could explain some or all of these [136] .
Self interactions can be included in the scalar Higgs portal DM model simply by introducing the renormalisible interaction
This leads to 2 → 2 DM scattering with a rate that is unconnected to the dynamics that sets the DM relic abundance, and which can therefore be large [3] . In the limit that λ s λ, which is the case in all of the viable parameter space with astrophysically relevant self-interactions, the DM scattering cross section is
Here λ s is normalised to its maximum allowed value such that the zeroth partial wave amplitude a 0 has |Re a 0 | < 1 2 , as is required for perturbative unitarity [137] . Consequently, astrophysically relevant DM self interactions are possible only for relatively small DM masses. This part of parameter space is robustly excluded in minimal models with a thermal cosmological history, however a non-thermal cosmology with a relatively low reheating temperature leads to viable models, for example as shown in Figure 3 left. 20 The DM self interactions from Eq. (5.1) are short range contact interactions. These are potentially less appealing than the velocity dependent interactions generated by a light mediator [141] , since there are relatively stringent constraints from galaxy clusters and halo ellipticity σ s /m DM 1 cm 2 /g [142] [143] [144] [145] [146] , which are ameliorated in light mediator models (due to the larger typical DM velocity in such systems). Despite this, short range self interactions could still play a role in resolving at least some of the discrepancies between simulations and observations, and they could also explain the separation between the DM halo and stars in a galaxy falling into the Abel 3827 galaxy cluster [147] . Their effects might also be observationally distinguishable from those of the long range interactions generated by a light mediator. 21 As mentioned, if DM is dominantly produced from the visible sector thermal bath its temperature will be comparable to that of the visible sector. However, in parts of parameter space for which it is produced directly from modulus decays, the DM might never reach kinetic equilibrium with the visible sector if the portal coupling is extremely small [102, 151, 152] (we leave a computation of the upper value of λ for which thermalisation will not occur to future work). Each DM state is produced with a typical kinetic energy of 20 Models with more complex hidden sectors, with the DM coupled to a light mediator that interacts with the visible sector through a Higgs portal operator, can lead to significant DM self-interactions. However, even in this case it is hard to evade observational constraints [138] . The mediator is required to decay before BBN, which rules out many models [139] , although this is possible if it is coupled to relatively light right handed neutrinos [140] . CMB, direct detection, and invisible Higgs decay bounds can also be important.
21 DM self interactions could also lead to new indirect detection signals, for example neutrinos produced by DM annihilations in the sun [3, [148] [149] [150] . A preliminary analysis indicates that these are not relevant in phenomenologically viable parts of parameter space in the present model. m φ /2 (assuming that m φ m DM ), so in this regime the DM temperature is larger than that of the visible sector by a factor of ∼ m φ /T RH . This could lead to observable effects on structure formation or violate constraints on warm DM, and Lyman-α observations [153] [154] [155] [156] [157] require that such models satisfy
where T t is the temperature of the universe today (observations of dwarf spheroidal galaxies also lead to similar limits). Given the relation between the reheating temperature and the modulus mass, Eq. (3.1), this is equivalent to requiring that
Comparing with the parameter space plotted in Figure 3 , Eq. (5.4) bound is borderline dangerous for some theories with a low reheating temperature, ∼ 20 MeV, and a relatively large modulus to DM branching ratio. 22 More optimistically, such models could lead to effects at a level that could be observed in the near future. However, a careful computation is likely to reveal that there are large parts of viable parameter space in the direct production regime for which the portal coupling is large enough that the DM thermalises with the visible sector. Eq. (5.4) is not significant in models with a larger reheating temperature, since direct production leads to the required relic abundance for much larger DM masses in these. Conversely, in other dynamical regimes a non-thermal cosmological history can result in DM that is significantly colder than the visible sector [159] . This could happen if the DM relic abundance is set by production from the visible sector thermal bath, and the temperature at which the DM kinetically decouples from the visible sector is larger than the visible sector reheating temperature, so that reheating increases the visible sector temperature relative to that of the DM. If this occurs, the smallest objects formed during hierarchical structure formation might be much smaller than those obtained assuming a thermal cosmological history, which could potentially affect indirect detection signals. However, we leave a full calculation of the kinetic decoupling temperature, necessary to determine if such a scenario is realised in Higgs portal models, for future work.
Conclusions
In this paper we have studied the viable parameter space of Higgs portal DM in theories with a period of late time matter domination due to a light, gravitationally coupled, scalar. Such a modification of the universe's cosmological history is well motivated from string theory UV completions of the SM. These generically contain many moduli fields, which automatically lead to a period of matter domination if the scale of supersymmetry breaking is relatively low. In such models large regions of parameter space remain viable after imposing the DM relic density constraint, and direct detection and collider bounds, in contrast to if a thermal cosmological history is assumed. In such models the DM abundance can be dominantly set by production from the visible sector thermal bath with or without chemical equilibrium, or by direct production from modulus decays.
Higgs portal DM can lead to a wide range of signatures at direct, indirect, and collider experiments. In models with a fairly low reheating temperature, relatively light DM with m DM ∼ GeV is possible, which can lead to astrophysically significant DM self-interactions. Additionally, models with DM masses 60 GeV could lead to signals in both future collider searches for invisible Higgs decays and direct detection experiments. Meanwhile, if the reheating temperature is larger, heavy DM is possible without large couplings to the visible sector or additional new hidden sector states.
Although we have focused on the scalar Higgs portal DM model due to its interesting phenomenology, a similar increase in the allowed parameter space is likely to occur in other DM models, for example DM interacting with the visible sector through the Z portal. Additionally, a non-thermal cosmological history could also lead to new experimental signatures in fermion Higgs portal DM models with pseudoscalar couplings to the Higgs. Unlike scalar Higgs portal DM, direct detection bounds are extremely weak in this case, and dynamics that enhance the DM relic abundance compared to in a thermal cosmological history are possible in viable theories. These could allow for larger values of the portal coupling than in thermal models, leading to combinations of signals in collider, direct detection, and indirect detection experiments that would otherwise not be possible.
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Note added
In the final stages of preparing this manuscript, the paper [160] , which also studies Higgs portal DM in models with a non-thermal cosmological history, was posted on the arXiv.
A Evolution of the DM number density during matter domination
For completeness we briefly summarise the equations governing the evolution of the modulus and radiation bath energy densities, and the DM number density, during a non-thermal cosmological history. These are given in terms of the variables defined in Eq. (4.2).
Following [26] we introduce a dimensionless Hubble parameterH
where E X m 2 DM + 3T 2 is the average energy of a DM particle. It is also convenient to define a parameter related to the average energy that goes into DM mass for each modulus quanta that decays byB
The evolution of the modulus energy density and DM number density is given bỹ n eq , with n eq the equilibrium DM number density at a given temperature.
The thermally averaged annihilation cross section σv has a strong temperature dependence in the Higgs portal model, and is evaluated at the temperature of the radiation bath. The evolution of the temperature is given by
(A.4) where g S is the effective number of relativistic degrees of freedom in the visible sector that contribute to the entropy density, and the energy density in radiation ρ R = π 2 30 gT 4 .
